A computer model is presented for predicting the erosion of electrostatic thruster grid sets due to energetic ion impact. The model employs a combination of a hybrid fluid-Particle In Cell method for the plasma dynamics, and the direct simulation Monte Carlo method for collision dynamics. The accuracy of the model is assessed through direct comparison with experimental measurements of grid currents for the UK-T5 ion thruster. The model accurately predicts the current collected on the acceleration grid for a range of operating points. The energy distribution of ions impacting on the grids is employed to compute the total mass of grid eroded during 10,000 hours of operation. The model significantly under predicts the current collected on the deceleration grid. However, analysis indicates that the missing decel current involves very low energy ion impact that would result in no significant increase in decel grid erosion.
Introduction
For ion engines, erosion of the accelerator and decelerator grids is a principal life-limiting process and a primary source of thruster-induced spacecraft contamination. 1 the regions upstream of the screen grid and downstream of the decel grid. This is a reasonable assumption based on the voltages applied to the grids. A fluid approach is employed for the electrons in which their temperature, T e , is assumed to be constant, and their number density, n e , is given by the Boltzmann relation:
where (j > is the local plasma potential and the electron temperature is in units of electron volts. In the region upstream of the screen grid, the reference potential, <f>o, is the discharge potential (1100 V), and the reference density, n re / , is the plasma density of the discharge chamber. In the region downstream of the decel grid, the reference potential is 0 V and the reference density is taken to be 6 x 10 15 m~3. The Poisson equation is solved on a rectangular grid where the ion number density is given by the particles and the electron number density is given by Eq. (1) . Following the approach of Roy et al., 14 an Alternating Direction Implicit (ADI) method is employed to solve the Poisson equation which is non-linear due to the presence of (f> in the above equation for the electron number density.
The second particle technique employed is the direct simulation Monte Carlo method (DSMC) 7 which is used to model collision phenomena. Thus, the neutral atoms are also treated as particles, and three different types of collisions are modeled: (1) charge exchange between Xe and Xe + and between Xe and Xe 2+ using the cross sections measured recently by Pullins et al.
15
; (2) momentum transfer in which the cross sections are given by the model of Dalgarno et al.; 16 and (3) Coulomb collisions. In charge transfer there is no momentum exchanged. In momentum transfer collisions, isotropic scattering in the center of mass frame is assumed.
For Coulomb collisions, the equations from classical plasma physics for cross section and scattering angle are employed, e.g., see Ref. 17 . However, the scattering angle for a particular collision is sampled statistically from the distribution suggested by Nanbu. 17 This procedure is necessary because DSMC-PIC is a statistical approach and the method does not compute intersecting particle trajectories deterministically. In Fig. 2, a selection of the collision cross sections employed in the present study is shown for the xenon system as a function of relative velocity. It is concluded that Coulomb collisions dominate at low collision energies.
At high energies, the atom-atom momentum exchange and atom-ion charge exchange cross sections are of greatest significance. In Fig. 3 , the variation of Coulomb scattering angle with relative velocity is shown.
Here, it is evident that only very glancing interactions occur even at the low relative velocities which provide the largest cross sections (see Fig. 2 ).
The upstream boundary conditions for the DSMC-PIC approach involve specification of velocity distribution functions for each species. Under the assumption of thermal equilibrium in the discharge plasma, this is most conveniently achieved using Maxwell-Boltzmann distributions which requires specification of species number densities, velocities, and temperatures. The electron temperature is a very important parameter as it strongly influences electrostatic effects through the Boltzmann relation. It also determines the ion velocity upstream of the screen grid through the Bohm relation:
Vi =
where k is Boltzmann's constant and m^ is the ion mass. A value of 5 eV is assumed for the electron temperature for most of the results presented in this study.
The flux of neutral atoms across a radial surface upstream of the screen grid is given by the standard result from kinetic theory:
where the mean molecular speed is given by:
In Eqs. (3)-(4), subscript a indicates properties of the atoms. The temperature of the neutral atoms is assumed to be 500 K. The atom and ion fluxes are computed so as to be consistent with the experimentally measured values of total beam current and mass flow rate. Thus, using Eqs. (2)-(4), the atom and ion number densities are determined. One further parameter that must be assigned is f, the fraction of ion current represented by Xe 2+ . In Table 1 , estimates are given for £ based on the measurements of Pollard 9 .
Finally, the ion temperature must be assigned to determine the distribution of ion velocities flowing into the computational domain. Most of the results presented in this study employ an ion temperature of 3.0 eV. This value is consistent with experimental measurements made in an ECR argon plasma 18 using a plasma density and magnetic field that are similar to those employed in the plasma source of the UK-T5.
The computational grid employed in most of the simulations is shown in Fig. 4 . The cell sizes are 20 to 40 /um, which are of the order of the Debye length for the conditions investigated. These sizes are orders of magnitude smaller than the mean free paths for all flow conditions. The time-step employed in all the simulations is 0.4 ns, and is a fraction of the reciprocal of the plasma frequency. The surfaces of the three grids are at fixed potentials and are assumed to have a constant temperature of 500 K. Ions striking any of the grids are assumed to recombine to neutral atoms. The facility back pressure is sufficiently low (0.2 mPa)
such that it should have no effect on the flow through the grids. For completeness, it is included, and is assumed to consist of neutral xenon at a temperature of 300 K.
One of the main results from the computations is the ion current collected by the acceleration grid. This is Computed by directly counting the number of ion particles impacting on any surface of the acceleration grid over a finite period of physical time. This procedure is also adopted for the current collected by the deceleration grid.
Results

General Flow Field Results
We first consider some general flow field properties for the case with a beam current of 399 mA. In acts to accelerate most of the ions. It is expected that charge exchange ions will play a significant role in determining the grid currents. The volumetric production rate of charge exchange ions is given by:
where nj is the ion number density, n a is the atom number density, <JCBX is the Xe-Xe + charge exchange cross section, and g is the relative collision velocity. Contours of VCEX are shown in Fig. 7 and indicate that there are two regions where almost all of the charge exchange ions are created. The first production region is upstream of the screen grid. The production rate is high in this region because this is where the product of the ion and neutral number densities is highest. The charge exchange ions created in this first region are essentially the same as the beam ions since little electrostatic acceleration has taken place here. The second production region occurs in a thin layer just upstream of the acceleration grid. The production rate is high in this region due to a very large ion velocity. These charge exchange ions are significantly slower than the beams ions and can be readily accelerated onto either the accel or the decel grid.
To illustrate the macroscopic behavior of the computational model, Fig. 8 shows the variation of computed thrust as a function of beam current. The thrust levels shown in Table 1 are nominal values which assume that £ and the beam divergence are both zero. They were obtained from the expression 77? where V e is the exhaust velocity and m/e is the mass to charge ratio. Using £ from Table 1, individual Xe   + and Xe 2+ contributions to the thrust are determined. The sum is plotted in Fig. 8 . In both these data and the simulations, the thrust has a nearly linear dependence on beam current. While there is some uncertainty in the specification of the discharge plasma properties, in particular the ion and electron temperatures and the fraction of Xe 2+ current, over the entire operational range, the thrust predictions are in excellent agreement with the estimated data.
Grid Results
First, we consider the predictions of the total ion current collected on each of the grids. The results for the accel grid are shown in Fig. 9 as a function of the beam current. The predicted results provide excellent agreement with the measured data. The measurements exhibit variation with changes in both beam current and total mass flow rate. It is significant that the model is able to successfully capture these variations. It is also important to note that the model predictions are relatively insensitive to the values assumed in the discharge plasma for the electron temperature. Decreasing T e from 5 eV to 3 eV increases the accel grid current by 10%. This is due to the fact that with the Boltzmann relation, the potential (and therefore the electric field) is proportional to the electron temperature. An increase in T e means that the radial electric fields at the screen grid are stronger, thus pushing more of the ions radially inwards away from the accel grid.
A decrease of 1 eV in the ion temperature decreases the accel grid current by about 20%. This is due to the reduced diffusion of ions hi the direction perpendicular to the main beam flow. These results indicate that a significant fraction of the accel current is caused by direct impingement of beam ions. The sensitivity of the results to this parameter indicate the need for theoretical and experimental study of the ion temperature in the plasma sources of ion thrusters.
The results obtained for ion current collected on the decel grid are shown in Fig. 10 . In all cases, the model under predicts the measured data by a significant amount. It is postulated that most of the decel grid current arises from charge exchange ions formed in the plume that flow upstream from the ion beam onto the grid. One possible source of additional decel current is from molybdenum ions sputtered from the accel grid.
The distribution functions of the impact energy of ions as they collide with the different faces of the accel and decel grids are computed from the simulations. The distribution for the barrel (lower) edge of the accel grid for the case where the beam current is 399 mA is shown in Fig. 11 . The distribution indicates that the impingement current is made up of two different populations of ions. The majority of the ions are of high energy and these represent direct impacts of primary ions. However, there is also a second peak of the distribution at about 200 eV and these are clearly charge exchange ions. Since the sputter yield of xenon ions on molybdenum is a strong function of impact energy, the structure of the ion energy distributions will play a significant role in the determination of the overall grid erosion. In Fig. 12 , the distribution function of impacting ions on the barrel of the accel grid is shown for the 218 mA beam current case. In this case, the relative populations of the low and high energy impacts is reversed from those shown in Fig. 11 . where 0 is the angle of incidence measured from the surface normal, and the constants /=19.96 and S=13.55
for 100 eV xenon ions impacting on molybdenum. This relation is shown in Fig. 14 where the maximum yield is indicated to occur at impact angles (relative to the normal direction) of about 47 deg..
The predictions of total grid mass eroded over 10,000 hours of operation for both the accel and decel grids are shown in Fig. 15 . These results illustrate the importance of the energy dependence of the sputter yield. Comparison of Figs. 9 and 10 indicates that the model predicts a total current on the decel grid that is close to an order of magnitude lower than that collected on the accel grid. However, due to the larger average ion energy of the current on the decel grid, the total mass erosion for the decel grid is only a factor of about 3 lower than that for the accel grid.
It is appropriate to consider the effect on grid erosion due to the under prediction of decel grid current by the model. Let us assume that the remaining current arises from the back flow of ions from the plasma downstream of the decel grid. The maximum energy of these ions as they impact on the downstream face of the decel grid is about 50 V (i.e. the magnitude of the voltage applied to the decel grid). The sputter yield data shown in Fig. 13 indicate that this energy is near threshold. For the purpose of estimation, we take the average sputter yield at this impact energy to be 0.01. If it is assumed that 0.5 mA of decel grid current is contributed by the back flowing ions, then, over a 10,000 hour period, the total decel grid erosion due to the back flowing ions is approximately 0.2 g. Therefore, it is concluded that the predictions of decel grid erosion given in Fig. 15 essentially represent the total amount due to the fact that the missing decel current involves relatively low energy ion impacts.
Another possible source of additional decel current is from molybdenum ions sputtered from the grids.
Any ions sputtered from the accel grid are likely to return to that grid due to its very low potential. Ions sputtered from the decel grid are most likely to return to that grid, but this current will obviously be very small. Finally, the molybdenum atoms sputtered from the accel grid may under go charge exchange interactions with the beam ions and some of these molybdenum ions may impact on the decel grid. The current associated with each of these scenarios is very small and indicates that these processes should not contribute significantly to the erosion processes.
Concluding Remarks
The level of agreement obtained between the predictions and experimental measurements for the current collected on the accel grid over a wide range of operating conditions is very satisfying. However, it is important to note that there are several important aspects of the model where improvements are required.
The first of these concerns the significant under prediction of the decel currents. It was anticipated that most of the current on the decel grid would originate from the plasma downstream of the decel grid. Attempts to include this ion flux in the computations were unsuccessful. Any low energy ions introduced across the downstream boundary of the computational domain were at first accelerated towards the centerline of the aperture in the upstream direction. Eventually, these ions were again turned in the downstream direction, but they never impacted on the decel grid. This behavior indicates that a more detailed treatment of the plasma downstream of the thruster is required. However, as discussed above, the amount of sputtering caused by the missing decel current is negligible due to the low energy involved (on the order of 50 V). Processes involving sputtered molybdenum atoms and ions are unlikely to lead to significant erosion processes.
Another important limitation of the present model concerns the fact that the flow through a single aperture is used to predict the flow across the entire face of the grid. There is considerable variation in the observed erosion patterns across the face of a grid indicating that the plasma flow must also vary. Modeling of this variation requires development of a detailed model for the plasma discharge chamber. Related to this issue, is the fact that the discharge plasma properties are estimated in the present work. The computed grid currents exhibit relatively small variation (about 10%) for changes in the electron temperatures of 1-2 eV. It is significant that the model successfully predicts the accel grid current over a wide range of beam currents and flow rates. Finally, in computing the total mass erosion for 10,000 hours of operation, the present computations have neglected the change in geometry of the grids throughout the operation caused by the erosion. Erosion will of course increase the size of the apertures and this should lead to a decrease in grid currents and erosion mass. In addition, it should be noted that some fraction of the molybdenum sputtered from either grid may later become re-deposited on a grid. For each of these reasons, the data presented in 
